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Interaction between F1-ATPase activity stimulating oxyanions and noncatalytic sites of coupling factor CF1 was studied. Carbonate,
borate and sulfite anions were shown to inhibit tight binding of [14C]ATP and [14C]ADP to CF1 noncatalytic sites. The demonstrated change
of their inhibitory efficiency in carbonate–borate–sulfite order coincides with the previously found change in efficiency of these anions as
stimulators of CF1-ATPase activity [Biochemistry (Mosc.) 43 (1978) 1206–1211]. Inhibition of tight nucleotide binding to noncatalytic sites
was accompanied by stimulation of nucleotide binding to catalytic sites. This suggests that stimulation of CF1-ATPase activity is caused by
interaction between oxyanions and noncatalytic sites. A most efficient stimulator of CF1-ATPase activity, sulfite oxyanion, appeared to be a
competitive inhibitor with respect to ATP and a partial noncompetitive inhibitor with respect to ADP. The inhibition weakened with
increasing time of CF1 incubation with sulfite and nucleotides. Sulfite is believed to inhibit fast reversible interaction between nucleotides
and noncatalytic sites and to produce no effect on subsequent tight binding of nucleotides. A possible mechanism of the oxyanion-stimulating
effect is discussed.
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The chloroplast coupling factor (CF1), like coupling
factors of mitochondria and bacteria, is comprised of five
different subunits with a stoichiometry of a3h3gyq. In
addition to three catalytic sites, CF1 contains three ‘‘non-
catalytic’’ sites for nucleoside di- and triphosphates. These
catalytic and noncatalytic sites are at different interfaces of
a- and h-subunits. Catalytic sites belong mostly to a h-
subunit domain with a minor portion contributed by residues
from the adjacent a-subunit. The reverse is true for non-
catalytic sites. Unlike catalytic sites, noncatalytic sites
display no catalytic activity and retain nucleotides during
turnover [1]. CF1 exhibits Ca
2 +-dependent and only minor
Mg2 +-dependent ATPase activity. A low value of the latter
is caused by reversible inactivation of CF1 that results from
tight binding of the reaction product (MgADP) to one of the
CF1 catalytic sites [2]. A kinetics analysis suggested that the0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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ATP binding to the second catalytic site, whereas the third
catalytic site loses its ability to bind nucleotides [3]. This
suggestion was confirmed by high-resolution X-ray crystal-
lography of mitochondrial F1 [4]. In addition to these three
catalytic sites, a fourth nucleotide binding site with the
regulatory function may be involved in the inactivation
[5]. F1-ATPases of mitochondria and photosynthetic bacte-
ria exhibit a similar though less pronounced property [6,7].
The MgADP-induced inactivation is reversed by oxyanions;
the most efficient among these is a sulfite anion [8–13].
There is no agreement in the literature about the exact nature
of anion binding sites. One possibility suggested is that
oxyanions bind to one of the catalytic sites [3,14]. This
suggestion is supported by competition between phosphate
and sulfite occurring in the course of photophosphorylation
[15,16]. On the other hand, an analogue of sulfite ion, the
sulfate ion, was shown to interfere nucleotide binding to
CF1 noncatalytic sites [17]. As reported, noncatalytic sites
must be ATP-filled for CF1 to display catalytic activity and
to reverse the MgADP-dependent inactivation of mitochon-
drial and bacterial coupling factors [17–19]. It is suggested
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accelerate MgADP dissociation from catalytic sites [20].
Here we demonstrate that sulfite, as well as some other
oxyanions, inhibits nucleotide binding to CF1 noncatalytic
sites. Efficiency of this inhibition increases in carbonate–
borate–sulfite order. It is shown that sulfite is a competitive
inhibitor with respect to ATP and a partial noncompetitive
inhibitor with respect to ADP at the initial step of their
interaction with the noncatalytic sites. The inhibition
decreases with increasing incubation time and is accompa-
nied by stimulation of nucleotide interaction with the
catalytic sites. The above results argue for the suggestion
that the stimulating effect of oxyanions is initiated by their
binding to CF1 noncatalytic sites.2. Materials and methods
Spinach CF1 isolated according to Binder et al. [21] was
purified essentially as described by Ren and Allison [22]. A
solution of CF1 (about 100 mg) in buffer A (50 mM Tris–
SO4, pH 8.0, 1 mM EDTA, 1 mM ATP, and 0.5 mM
PMSF) containing 0.45 M (NH4)2SO4 was applied to a
2 8 cm Fractogel TSK Butyl-650S column (Merck) and
washed consecutively with two volumes of the same buffer,
100 ml of 0.2 M (NH4)2SO4 and 100 ml of 0.15 M
(NH4)2SO4 in the same buffer. Finally, pure CF1 as
assessed by SDS-PAGE was eluted with buffer A. CF1
was stored in 2 M ammonium sulfate in the presence of 1
mM ATP, 1 mM EDTA, 50 mM Tris–SO4, pH 7.8, and
0.25 mM PMSF. Free nucleotides and ammonium sulfate
were removed by forced gel filtration using a superfine
Sephadex G-25 column equilibrated with 50 mM Tris–
HCl, pH 7.8, 1 mM EDTA and 50 mM KCl. The resulting
preparation contained 1.8 mol of ADP and about 0.2 mol of
ATP per mole of CF1; one ADP was bound to a catalytic
site [23] and the balance was probably distributed among
catalytic and noncatalytic sites. It was activated in the
presence of 2 AM thioredoxin (Promega, E. coli strain)
and 2 mM dithiothreitol (DTT) at room temperature for 30
min as described in Ref. [24]. The protein concentration
was determined according to Bradford [25]. CF1 molecular
weight was assumed to be 400 kDa [26]. Nucleotide to CF1
binding was performed at 20 jC in 50 Al medium contain-
ing [14C]ATP or [14C]ADP, 2 mM MgCl2, 50 mM Tris–
HCl, pH 7.8, 0.1 mM EDTA and 50 mM KCl. To maintain
the [14C]ATP concentration, the incubation medium also
contained pyruvate kinase and phosphoenolpyruvate. Rou-
tinely, the reaction was started by addition of CF1. In
studies of sulfite effects on nucleotide exchange at catalytic
sites and on ATPase activity, the reaction was initiated by
addition of [14C]ATP (Fig. 5). When determining the
amount of noncatalytic site-bound nucleotides, cessation
of binding of labeled nucleotides and their selective disso-
ciation from catalytic sites were performed using the
‘‘chase’’ method [23]. For this purpose, 5 Al of chasesolution containing 15 mM ATP and 0.5 M KHSO3 was
added to 50 Al reaction mixture; 20 s later, a 50 Al aliquot
was applied onto a Sephadex G-25 (superfine) column
equilibrated with 50 mM Tris–HCl, pH 7.8, 2 mM MgCl2,
0.1 mM EDTA, and 50 mM KCl (TKM buffer). Concen-
tration of CF1 obtained after 25–30 s elution was deter-
mined taking into account the presence of pyruvate kinase
in the resulting fraction. When determining the total
amount of tightly bound nucleotides, the ‘‘chase’’ step
was omitted. After protein denaturation at 100 jC for 1.5
min, the fraction was subjected to centrifugation (2 min at
14,000 g) and HPLC using a 0.5 7.5 cm DEAE 5PW
column. The eluent contained 80 mM KH2PO4 and 120
mM KCl. The nucleotide content was counted from radio-
activity of the obtained fractions. ATPase activity was
estimated by the phosphate release rate [27] at 20 jC. A
graphical approximation of the experimental data was
carried out using Origin 6.0 Program.3. Results
To study interactions between oxyanions and noncata-
lytic sites of CF1, we used carbonate, borate and sulfite
anions that stimulate mitochondrial, chloroplast, and bacte-
rial ATPases [9–13]. Fig. 1 shows that these anions
inhibited tight binding of [14C]ATP and [14C]ADP to non-
catalytic sites. Efficiency of the inhibition increased in
carbonate–borate–sulfite order. The inhibitory effect of
oxyanions increased with ATP concentration decreasing
from 10.8 (Fig. 1a) to 1.8 AM (Fig. 1b). Dependence of
the inhibition on ATP concentration suggested competition
between oxyanions and ATP for binding to noncatalytic
sites. Sulfite was used to study this dependence in more
detail. Our previous analysis of nucleotide binding kinetics
suggested that the slow step of tight binding is preceded by
a step of fast reversible interaction of nucleotides with
noncatalytic sites [24]. Provided the fraction of nucleotide-
filled sites is minor, the binding can be described by
Michaelis–Menten function. Fig. 2 illustrates the effect of
5 mM sulfite on [14C]ATP binding to noncatalytic sites
within the 2.2–33.7 AM concentration range after 15 s
incubation. The results are well approximated by Michae-
lis–Menten function. The maximal rates of ATP binding to
noncatalytic sites and Michaelis constants calculated for the
indicated conditions using Origin 6 Program are as follows:
Vmax = 1.7F 0.1 min
 1 and KM = 6.4F 0.4 AM in the
absence of sulfite; Vmax = 1.8F 0.1 min
 1 and KM =
33.2F 2.5 AM in the presence of 5 mM sulfite. The close
values of Vmax indicate that sulfite-induced inhibition is
competitive. The obtained constant of competitive sulfite
inhibition (1.2 mM) is quite close to a concentration causing
50% stimulation of Mg2 +-dependent ATPase activity of CF1
(1 mM) [10,28]. Fig. 3 illustrates sulfite effect on the rate of
[14C]ADP tight binding to noncatalytic sites. The calculated
binding kinetics parameters are: Vmax = 1.8F 0.1 min
 1,
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KM= 3.9F 0.4 AM in the absence and presence of sulfite,
respectively. The fact that Vmax decreased with increasing
KM allowed describing the sulfite-induced inhibition as
partially noncompetitive.Fig. 2. Effect of sulfite on [14C]ATP binding to CF1 noncatalytic sites. CF1
(0.09–0.14 mg/ml) was incubated for 15 s with indicated concentrations of
[14C]ATP in the absence or presence of 5 mM sulfite in a medium
containing 50 mM Tris–HCl, pH 7.8, 50 mM KCl, 2.0 mM MgCl2, 0.1
mM EDTA, 1 mM phosphoenolpyruvate, 0.18–0.28 mg/ml pyruvate
kinase and, after ATP chase, separated from unbound nucleotides as
described under Materials and methods.Fig. 4 shows that inhibition of tight nucleotide binding
decreased with increasing incubation time. A 4-fold inhibi-
tion was observed for 4.1 AM ATP binding after 0.5 min
incubation, while 30 min incubation gave only 19% inhibi-
tion. A similar effect was observed for ADP binding (not
shown).
It was of interest to compare the sulfite effect on
nucleotide binding to noncatalytic sites and on nucleotide
exchange at catalytic sites of MgADP-inactivated CF1.
Because in the presence of excess Mg2 +, the nucleotide
exchange at catalytic sites is very slow [5,29], in this
experiment, CF1 incubation with nucleotides was as long
as 0.5–1 h. The number of catalytic site-bound nucleotides
was determined as a difference between all tightly bound
nucleotides and those associated with noncatalytic sites. As
seen from Fig. 5a, inhibition of sulfite-induced nucleotide
binding to noncatalytic sites was observed at ATP concen-
trations below 16 AM. The inhibition was accompanied by
many-fold nucleotide binding to catalytic sites. Also, there
is a clear correlation between CF1-ATPase activation result-Fig. 1. Inhibition of [14C]ATP (a,b) and [14C]ADP (c) binding by carbonate,
borate and sulfite. Thioredoxin-activated CF1 (0.20–0.30 mg/ml) was
incubated for 30 s with 10.8 (a) or 1.8 (b) AM [14C]ATP or 11.2 AM
[14C]ADP (c) and oxyanions as indicated in a medium containing 50 mM
Tris–HCl, pH 7.8, 50 mM KCl, 2.0 mMMgCl2, 0.1 mM EDTA, and 1 mM
phosphoenolpyruvate, 0.22 mg/ml pyruvate kinase (a,b) or 0.23 mg/ml
bovine serum albumine (BSA) (c). After ATP chase, CF1 was separated
from unbound nucleotides, and the amount of nucleotides bound to
noncatalytic sites was determined as described under Materials and
methods. Nucleotide binding was normalized to the control without
oxyanion (0.54 (a) and (b) 0.12 mol [14C]ATP/mol CF1, and 1.0 mol
[14C]ADP/mol CF1 (c)).
Fig. 5. Effect of sulfite on nucleotide incorporation into CF1 catalytic and
Fig. 3. Effect of sulfite on [14C]ADP binding to CF1 noncatalytic sites. CF1
(0.11–0.16 mg/ml) was incubated for 15 s with indicated concentrations of
[14C]ADP in the absence or presence of 5 mM sulfite in a medium
containing 50 mM Tris–HCl, pH 7.8, 50 mM KCl, 2.0 mM MgCl2, 0.1
mM EDTA, and 0.21 mg/ml BSA. After ATP chase, CF1 was separated
from unbound nucleotides as described under Materials and methods.
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nucleotide exchange at the catalytic sites (Fig. 5b). At ATP
concentrations above 16 AM, sulfite provoked some in-
crease in noncatalytic site-filling with nucleotides. This
increase was greater than a possible experimental error
and was observed without fail in all experiments with
long-term incubations and high nucleotide concentrations.
It should be noted that the used enzyme contained about 2
mol of nucleotides per mole of CF1, with one ADP tightly
bound to a catalytic site [23]. The balance was presumably a
noncatalytic sites and ATP hydrolysis. (a) CF1 (0.12 mg/ml) preincubated in
TKM buffer was incubated for 1 h with indicated concentrations of
[14C]ATP in the absence or presence of 20 mM sulfite in a medium
containing 50 mM Tris–HCl, pH 7.8, 50 mM KCl, 2.0 mM MgCl2, 0.1
mM EDTA, 1 mM phosphoenolpyruvate and 0.26 mg/ml pyruvate kinase.
(b) CF1 (0.25 mg/ml) preincubated in TKM buffer was then incubated for
30 min with 14.9 AM [14C]ATP and indicated concentrations of sulfite in
the same medium, except that pyruvate kinase was reduced to 0.027 mg/ml.
CF1 was subjected to forced gel filtration either immediately or after ATP
chase, and amounts of tightly bound nucleotides and noncatalytic site-
bound nucleotides were determined as described under Results and
Materials and methods. To determine ATPase activity, CF1 (0.02 mg/ml)
was incubated for 10 min at 20 jC in a medium containing 0.1 mM ATP, 50
mM Tris–HCl, pH 7.8, 50 mM KCl, 2.0 mM MgCl2, and 0.1 mM EDTA.
Fig. 4. Time dependence of [14C]ATP binding to CF1 noncatalytic sites in
the absence or presence of 5 mM sulfite. CF1 (0.085 mg/ml) was incubated
with 4.1 AM [14C]ATP as indicated in a medium containing 50 mM Tris–
HCl, pH 7.8, 50 mM KCl, 2.0 mM MgCl2, 0.1 mM EDTA, 1 mM
phosphoenolpyruvate, 0.39 mg/ml pyruvate kinase and processed as
described in the legend to Fig. 2.nucleotide retained by noncatalytic and/or catalytic sites
after enzyme isolation and purification. The sulfite-induced
additional binding of labeled nucleotides to noncatalytic
sites could occur due to sulfite-caused partial dissociation of
the retained nucleotide. To verify this suggestion, CF1 was
incubated in TKM buffer (without nucleotides) for 30 min
with and without sulfite. In the absence of sulfite, the
amount of tightly bound nucleotides appeared to be unaf-
fected by the incubation, whereas addition of 20 mM sulfite
to the incubation mixture reduced the amount of bound
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mol), thereby increasing the number of vacant sites capable
of binding labeled nucleotides.4. Discussion
Oxyanions of carbonate, borate, and sulfite inhibit nu-
cleotide binding to noncatalytic sites of CF1-ATPase (Figs.
1–3). Fig. 4 shows that the sulfite inhibitory effect
decreases with increasing incubation time, which is in good
agreement with our previous suggestion that the step of
nucleotide tight binding to noncatalytic sites (step 2) is
preceded by a step of reversible binding (step 1b) charac-
terized by a lower affinity. Sulfite reduces the concentration
of an intermediate compound formed at this step, thereby
slowing down formation of the tight nucleotide-noncatalytic
site complex (NCATP).
Here, step (2) is designated as irreversible only convention-
ally, because the rate of dissociation of a tightly bound
nucleotide is incommensurably lower than that of interme-
diate compounds formed by CF1 with ATP or sulfite (1a or
1b) [24]. Since sulfite inhibition of ATP binding at step 1 is
competitive and inhibition of ADP binding is partially
noncompetitive, it is believed that sulfite may interact with
the noncatalytic site at the h-, g-, and probably a-phosphate
positions. Previously, we showed that different specificity of
noncatalytic sites ensures at least 20% ADP binding even
with a considerable excess of pyruvate kinase [24]. The CF1
activity is usually assessed within the 0.1–5 mM nucleotide
range, with an ADP concentration in the reaction mixture
beyond 10 AM. Due to the high affinity of nucleotides for
noncatalytic sites, under these conditions, all noncatalytic
sites of CF1 must be ATP- and ADP-filled, with the only
vacant position g-P next to bound ADP to be taken by an
oxyanion.
The competition between phosphate and sulfite during
photophosphorylation suggested an oxyanion-stimulating
effect caused by interactions between oxyanions and cata-
lytic sites [15,16]. However, it should be noted that the state
of membrane-bound CF1 during photophosphorylation is
quite distinct from the state of isolated CF1 during ATP
hydrolysis. Specifically, this is supported by the observation
that MgADP and azide, known to be strong inhibitors of
ATP hydrolysis, produced no noticeable effect on photo-
phosphorylation [30].
Kinetics studies revealed competitive inhibition between
ADP and sulfite in the presence of ATP [31]. However, thisfinding fails to unequivocally determine which sites, cata-
lytic or noncatalytic, bind sulfite oxyanion. According to
Refs. [17–19], ADP-filled noncatalytic sites stabilize an
inactive state characterized by tight biding of MgADP to
one of catalytic sites. The effect reported in Ref. [31] may
possibly be explained by feedback between sulfite binding
to a noncatalytic site and ADP binding to a catalytic site.
Then, similar to increasing the dissociation constant of
tightly bound ADP by sulfite binding to noncatalytic sites,
the concentration-dependent ADP binding to catalytic sites
may result in an increased apparent constant of sulfite
dissociation.
The efficiency of oxyanion inhibition of nucleotide
binding to noncatalytic sites increases in carbonate–bo-
rate–sulfite order (Fig. 1). This order is also true for their
stimulating effects on Mg2 +-dependent CF1-ATPase activity
[10]. A more detailed study of one of them, sulfite anion,
shows that the competitive inhibition constant of the initial
stage of ATP binding to noncatalytic sites (which may be
considered as sulfite binding constant) is quite close to a
sulfite concentration causing 50% stimulation of CF1-
ATPase activity [10,28]. The inhibition of nucleotide bind-
ing to noncatalytic sites is accompanied by increased
nucleotide exchange at catalytic sites (Fig. 5a and b), which
is consistent with the previous finding [32] that the presence
of bicarbonate ions increases incorporation of dialdehyde
ATP derivative into a catalytic h-subunit. These data sup-
port the suggestion that stimulation of Mg2 +-dependent
ATPase activity is caused by anion binding to a CF1 non-
catalytic site. Taken together, these results and the finding
that sulfite stimulates dissociation of tightly bound ADP
[33] suggest that formation of the oxyanion-ADP complex
at a noncatalytic site(s) initiates structural changes at the
tight ADP-binding catalytic site, switching it from the state
providing tight binding and slow exchange of nucleotides to
a loose binding and easy exchange state. Consistent with the
‘‘binding change mechanism’’, ATP binding to another
catalytic site should cause ADP dissociation and result in
restoration of catalytic turnover.Acknowledgements
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